Heart failure (HF) afflicts approximately 5.7 million Americans and is one of the leading causes of morbidity and mortality in the United States. [1] [2] [3] Treatment of HF is aimed at decreasing symptoms, slowing disease progression, and increasing patient survival and ranges from medication to surgical intervention. 3, 4 Although drug therapy is the mainstay of treatment for HF, ventricular assist devices (VADs) are increasingly used in advanced HF patients. Ventricular assist device patients are at increased risk of thromboembolism because of blood flowing over nonbiologic surfaces necessitating warfarin anticoagulation and antiplatelet therapy. Although VAD use has increased HF patient survival and quality of life, thrombotic and bleeding events remain the most common complications. A recent report demonstrates a higher rate of device thrombosis even in newer continuous flow devices such as HeartMate II (Thoratec Corporation, Pleasanton, CA). 5 Anticoagulation management remains a critical challenge for left VAD (LVAD) therapy to yield a successful outcome for the patient.
Oral anticoagulation (OAC) with warfarin is typically initiated with a goal of achieving and maintaining an international normalized ratio (INR 2-3). 6 Antiplatelet therapy with aspirin or clopidogrel or both is initiated. Like patients with prosthetic valves and coronary stents, combined OAC and antiplatelet therapy may increase the risk of hemorrhagic complications in LVAD patients as well. [7] [8] [9] [10] [11] [12] [13] [14] [15] Despite routine initiation of these therapies, data remain limited on the anticoagulation control achieved in VAD patients. Anticoagulation control is commonly assessed by measuring percent time spent in target range (PTTR) with PTTR ≥ 60% being considered good anticoagulation control. Achieving PTTR ≥ 60% is the goal of anticoagulation management as it has been shown to minimize the risk of hemorrhage and thromboembolism. [16] [17] [18] We present data on anticoagulation control achieved in 115 warfarintreated patients implanted with HeartMate II and HeartWare (HeartWare Inc., Framingham, MA) devices and evaluate its association with risk of thromboembolism and hemorrhage.
Methods

Study Setting
The study enrolled patients at the University of Alabama at Birmingham who received a VAD from 2006 to 2012 under the approval of the Institutional Review Board.
Anticoagulation Control in Patients With Ventricular Assist Devices
Inclusion and Exclusion
Patients 19 years old and older who have had a HeartMate II or HeartWare continuous flow VAD placed at University of Alabama at Birmingham (UAB) from 2006 to 2012 were included in this study. All patients received postimplant medical care through the faculty of the Advanced Heart Failure/Mechanical Circulatory Support team. Patients typically receive inpatient care for 2-4 weeks post-VAD implant, with some remaining hospitalized for longer duration. After discharge, all patients receive care as outpatients and are seen in clinic at least once every month. Of the 127 patients who had a continuous flow VAD placed from 2006 to 2012, the medical records of 12 patients were unavailable preventing the collection of detailed clinical information at the time of VAD implant. This resulted in 115 patients included in this analysis.
Data Collection
For all patients, a detailed baseline (pre-VAD) clinical phenotype including demographic variables (age at implant, selfreported race, etc.), medical history before VAD (comorbid conditions, HF etiology, etc.), medications, and laboratory assessments was collected. Information on Post-VAD demographic and clinical data (including medications, laboratory assessments, and outcomes) was collected using definitions from the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) Registry. 19 Information was updated during monthly clinic visits for up to a 1 year followup. Information on anticoagulant management, including INR and change in warfarin dose, and current therapy with antiplatelet agents was ascertained for all patients during their clinic and hospital visits. Detailed information, including reason for hospital stay, laboratory tests, medications, and surgical interventions, was collected anytime a patient was hospitalized during the 1 year follow-up.
Percent Time in Target International Normalized Ratio Range
Proportion of time spent in target range for INR was estimated for each patient using the Rosendaal linear interpolation method. 20 This method assumes a linear relationship exists between two consecutively measured INR values and allows one to allocate a specific INR value to each day for each patient. Time in target range for each patient was assessed by the percentage of interpolated INR values within the target range of 2.0-3.0 after attainment of first INR in target range. Proportion of time spent in target range was categorized into PTTR > 60%, PTTR ≥ 50 < 60%, and PTTR < 50% based on the current categories from anticoagulation control studies in other populations.
Definition of Outcomes
All thromboembolic and hemorrhagic events were documented during the 1 year follow-up. As patient with VADs receive their sole care at UAB, the study ascertainment of complications was robust. Thromboembolic events included ischemic stroke, transient ischemic attack, pulmonary embolus, deep vein thrombosis, pump thrombosis requiring hospitalization, and mediastinal clot requiring surgical removal. Hemorrhagic events included intracranial hemorrhage, gastrointestinal bleeding, mediastinal bleeding requiring surgical intervention, or an episode requiring transfusion of greater than four units of packed red blood cells. All patients were followed from VAD implant for up to 1 year or until the time of thromboembolism or hemorrhage event. Multiple events per subject were not considered as the occurrence of thromboembolism while on warfarin resulted in an increase in anticoagulation intensity (INR goal: 2.5-3.5), whereas occurrence of hemorrhage while on warfarin resulted in a decrease in INR range or discontinuation of warfarin. For patients who did not experience a thromboembolic or hemorrhagic event, followup time was censored at end of the study (1 year) or explantation/transplantation/death (if earlier than 1 year).
Statistical Analysis
The χ 2 test was used to assess differences for categorical variables and Student's t-test or Wilcoxon rank sum test where appropriate for continuous variables. Cox proportional hazards models were used to assess the influence of PTTR and thromboembolic and hemorrhagic events. Multivariable analyses for thromboembolism and hemorrhage account for the influence of age at implant, history of diabetes, history of atrial fibrillation, and kidney function (based on estimated glomerular filtration rate [eGFR] and categorized into three groups: > 60, 30-59, and < 30 ml/min/1.73 m 2 ). 21 Multivariable analyses for death account for the influence of age at implant and kidney function at implant. All tests were performed using SAS version 9.2 (SAS Institute, Cary, NC) at a nondirectional alpha level of 0.05.
Results
Overall Population
Of the 127 patients who were treated at UAB between 2006 and 2012 with a continuous flow VAD, 115 patients were included in this study. Patients who were implanted at an outside hospital (N = 12) were excluded because of missing information on anticoagulation after implantation. The median age at implant for the cohort is 56 with the majority of patients being male (78.3%), white (67.8%), and implanted with a VAD as a bridge to transplant (56.6%). Baseline characteristics for the entire cohort and stratified by PTTR are described in Table 1 . Demographic and clinical characteristics such as concomitant antiplatelet therapy did not differ according to PTTR.
Percent Time in Target Range for the Ventricular Assist Device Population
One hundred fifteen participants contributed 624.5 months of follow-up time with the average duration of 5.4 months (± 4.8 months). Patients were seen at least once monthly with an average of 1.4 visits per month ( Table 2) . Patients spent 42.9% (± 22.5) of their treatment time within the INR range of 2-3. Over the duration of therapy, only 20% of patients achieved good anticoagulation control (defined as PTTR > 60% for INR range of 2-3).
Absolute Risk and Relative Risk of Percent Time in Target Range With Thromboembolism
Over the 51.3 person-years of follow-up, 23 thromboembolic events occurred (six ischemic strokes, two transient ischemic attacks, two pulmonary emboli, five deep vein thrombi, six pump thrombi, and two mediastinal clots) with an incidence rate (IR) of 4.5/10 person-years (95% confidence interval [CI]: 2.9-6.6). The IR of thromboembolism decreased as PTTR increases (Tables 3 and 4) . The absolute risk (measured as IR ratio [IRR]) for thromboembolic events was significantly lower for patients with a PTTR of ≥ 50 < 60% (IRR: 0.13; 95% CI: 0.006-0.79) and PTTR ≥ 60% (IRR: 0.33; 95% CI: 0.14-0.82) when compared with patients with a PTTR < 50%.
After adjusting for clinical factors, the relative risk of thromboembolism ( Figure 1A ) compared with patients with PTTR < 50% remained lower; patients with a PTTR of ≥ 50 < 60% had lower risk of thromboembolism (hazard ratio [HR]: 0.15; 95% CI: 0.02-1.20), a marginally statistically significant (p = 0.07) finding. Compared with patients with PTTR < 50%, patients with PTTR ≥ 60% were at significantly lower relative risk of thromboembolism (HR: 0.37; 95% CI: 0.16-0.87; p = 0.023) with the association remaining after adjusting for chronic kidney disease stage before VAD, history of diabetes, history of atrial fibrillation, and age at implant (HR: 0.37; 95% CI: 0.14-0.96; p = 0.042).
Absolute Risk and Relative Risk of Percent Time in Target Range With Hemorrhage
Over the 51.3 person-years of follow-up, 36 hemorrhages occurred (three intracranial hemorrhages, 25 gastrointestinal bleeds, six mediastinal bleeds, two requiring greater than four units of packed red blood cells without clinical site of bleeding) with an IR for hemorrhagic events 7.0/10 person-years (95% CI: 5.0-9.6). Compared with patients with PTTR < 50%, the absolute risk for hemorrhagic events was lower in patients with a PTTR ≥ 50 < 60% (IRR: 0.43; 95% CI: 0.12-1.29) and significantly lower among patients with PTTR ≥ 60% (IRR: 0.44; 95% CI: 0.21-0.95).
After adjusting for chronic kidney disease stage before VAD, history of diabetes, history of atrial fibrillation, and age at implant, compared with patients with PTTR < 50%, the relative risk for hemorrhage was significantly lower among patients with a PTTR ≥ 60% (HR: 0.45; 95% CI: 0.21-0.98; p = 0.045; Figure 1B ), but not among those with PTTR ≥ 50 < 60% (HR: 0.47; 95% CI: 0.14-1.56; p = 0.22). 
Absolute Risk and Relative Risk of Percent Time in Target Range With Death
Through the 86 person-years of follow-up, 19 deaths occurred (11 due to multisystem organ failure, five due to sepsis, two due to intracranial hemorrhage, and one due to ischemic stroke) with an IR of 2.2/10 person-years (95% CI: 1.4-3.4). The absolute risk of death decreases as the percent time in range increases. Patients who are PTTR ≥ 50 < 60% (IRR: 0.53; 95% CI: 0.08-2.29) and PTTR ≥ 60% (IRR: 0.43; 95% CI: 0.16-1.15) have a lower absolute risk of death compared with PTTR < 50%; however, these associations were not statistically significant. The unadjusted relative risk of death was lower in patients with PTTR ≥ 50 < 60% (HR: 0.54; 95% CI: 0.11-2.54; p = 0.43) and in patients with PTTR ≥ 60% (HR: 0.44; 95% CI: 0.17-1.14; p = 0.09) compared with patients with PTTR < 50%. After adjustment for chronic kidney disease and age, the lowered risk of death for the patients who are PTTR ≥ 60% compared with patients with PTTR < 50% was statistically significantly lower (HR: 0.34; 95% CI: 0.12-0.95; p = 0.04).
Discussion
To our knowledge, this is the first report with regard to anticoagulation control as assessed by PTTR and the association with clinically relevant outcomes such as thromboembolism, hemorrhage, or death among patients with LVADs. The influence of anticoagulation control on thromboembolism and hemorrhage are well documented in other chronically anticoagulated populations, which have shown that greater time spent in INR target range decreases the risk of adverse events. 18 This current study demonstrates that LVAD patients remain in the INR target range an average of 42.9% of the time. This is consistent with previous findings from a small case series with 16 VAD patients who also demonstrated low rates of anticoagulation control. 22 Despite the rigorous anticoagulation and VAD management patients undergo, the percent time in range is less than what has been shown in previous reports of other chronically anticoagulated populations such as nonvalvular atrial fibrillation (PTTR 68%). 17, [23] [24] [25] Patients in highly specialized anticoagulation clinics, particularly randomized clinical trial settings with intensive monitoring protocols, spend 68% of their time in target range compared with those not in anticoagulation-specific clinic care such as general medical care (40-60%). 17, [24] [25] [26] The PTTR in this cohort is lower than other strictly monitored populations despite the intensive LVAD patient care program. 23 Target range maintenance is difficult because of individual variation in the effects of warfarin therapy, and it is further compounded by the complexities of VAD management issues such as driveline infections and concomitant antithrombotic therapies. Bloodflow over nonbiologic surfaces increasing platelet activation and high local shear stresses lead to acquired type 2A von Willebrand functional deficiency syndrome, particularly in those with continuous flow devices. 3, 20, 27 Significant reductions in the concentration of the functional intermediate and high molecular weight multimers of von Willebrand Factor (vWF) have been documented in LVAD patients with continuous flow devices. Impairment of the critical role of vWF high molecular weight multimers and their regulation through ADAMTS-13 in endothelial, platelet, and coagulation factor interaction increases bleeding risk. Furthermore, genetic factors could INR, international normalized ratio; PTTR, proportion of time spent in target range; SD, standard deviation. The "bold values" are bolded for statistical significance. CI, confidence interval; PTTR, proportion of time spent in target range.
influence anticoagulation control and subsequently impact outcomes. CYP2C9 and VKOR variants influence anticoagulation control, and patient with these variants could have more difficulty with anticoagulation control. These VAD-specific factors influence anticoagulation control, which in turn influences PTTR and can contribute to the higher INR variability seen in this strictly monitored population. Balancing the risk of thromboembolism with the risk of hemorrhage is particularly challenging in VAD patients, particularly with continuous flow devices, because VAD patients have higher mortality compared with advanced HF patients only treated with medical therapy. 28 The effectiveness and safety of chronic warfarin management is tightly linked to PTTR with a reduction in thromboembolism and hemorrhage risk with better anticoagulation control. 16, 18, 27 Our study illustrates that VAD patients with a higher proportion of PTTR have a lower incidence of thromboembolism, hemorrhage, and death and is comparable to other populations. 29, 30 Anticoagulation therapy with a low target INR (1.5-2.5) has been previously advocated to reduce the risk of bleeding complications in VAD patients. 31, 32 Suggesting caution with a low target INR strategy, low PTTR (PTTR < 50%) because of subtherapeutic INRs with the 2.0-3.0 target was associated with substantially higher risk of thromboembolism in our cohort. This suggests tighter anticoagulation control may in general be a better strategy than lowering INR targets. The observed association between subtherapeutic anticoagulation and thrombotic events is biologically plausible. Interestingly, we observe that patients with good anticoagulation control reflected by higher PTTR have a lower risk of bleeding events. We hypothesize that even subtherapeutic anticoagulation unmasks patients that despite the factors adjusted for are "less healthy" and at intrinsically higher risk of bleeding. We speculate that the biologic relationships between PTTR and bleeding versus thrombotic risks are not similar. The relationship between PTTR and thrombotic risk appears more linear and predictable above a certain minimum threshold. The relationship between PTTR and bleeding risk is likely more patient specific with bleeding being highly likely in some patients well before the therapeutic range is achieved. Despite the majority of deaths in this sample resulting from multisystem organ failure, PTTR ≥ 60% is associated with a reduced risk of mortality. Out of the 19 patients who died in this sample, 14 had a thromboembolism or hemorrhage before death.
The association between PTTR and outcomes observed supports the role for randomized trials to prospectively test whether strategies to improve PTTR in LVAD patients improve both PTTR and outcomes. These strategies should potentially include genomic guidance, more frequent point of care monitoring, and target personalization or adjustment based on predictive models for thrombosis and bleeding risk. These individualized strategies likely need to consider INR lability, vWF function, and other measures of platelet reactivity. Key strengths are the 1 year follow-up and minimal loss to followup with complete capture of clinically relevant events in a racially diverse population. Detailed clinical information is The "bold values" are bolded for statistical significance. *Adjusting for chronic kidney disease stage before VAD, age at implant, history of diabetes, and history of atrial fibrillation. †Adjusting for chronic kidney disease stage before VAD and age at implant. CI, confidence interval; HR, hazard ratio; PTTR, proportion of time spent in target range.
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available including medications, labs, and INRs with minimal missing information. Although there is uniformity of care from a single institution experience, sample size and therefore power are necessarily limited. Although most tertiary LVAD centers likely follow similar anticoagulation and monitoring protocols, generalizability is uncertain. As with any observational study, observed associations between factors such as PTTR and outcomes cannot be proven to be causal. The significance of these findings is highlighted by the increasing rate of thromboembolism with the newer continuous flow VAD devices, in addition to the relatively high risks of hemorrhage and death with LVAD therapy. 5 The number of LVADs implanted should increase with the Food and Drug Administration approval for the use of VADs as destination therapy. This increases the number of patients with a LVAD implanted and thereby increases the number of patients at risk for thromboembolism or hemorrhage. These results suggest PTTR is a useful measure of INR control in VAD patients for research and perhaps clinical practice with more time in target range being associated with lower risk of thromboembolism and hemorrhage. Further research is needed to assess the generalizability of these findings. The role of platelet and vWF function in thrombotic and bleeding risks require further study in LVAD patients. Predictive models incorporating multiple clinical, laboratory, and genomic factors might help guide individualized therapy to optimize antithrombotic therapy and outcomes.
